
1. Introduction
Dust and water ice aerosols greatly influence the current climate of Mars through their role in modifying the 
solar and infrared radiation fields throughout the atmosphere (e.g., Clancy et al., 2017; Gierasch & Goody, 1972; 
Kahre et  al.,  2017; Wolff et  al.,  2017). Therefore, the characterization of these aerosols and their dynamics 
remains a key goal of Mars atmospheric science and is an important part of creating accurate numerical models, 
especially on the relatively short timescales associated with dynamic events such as dust lifting, dust devils, 
cloud formation, and the development of dust storms (e.g., Kahre et al., 2006; Newman et al., 2002; Newman 
et al., 2021; Pla-Garcia et al., 2020; Rafkin et al., 2016; Wu et al., 2021).

The Perseverance rover landed on the surface of Mars at Jezero Crater (18.4°N, 77.5°W) on 18 February 2021 
(Mars Year 36, Ls = 6°). Contained in the collection of scientific instruments on board the rover is the Mars Envi-
ronmental Dynamics Analyzer (MEDA), which is a suite of different sensors placed throughout the rover with the 
goal of characterizing and studying the near-surface meteorology at the rover location (J. A. Rodriguez-Manfredi 
et al., 2021). A set of MEDA sensors, collectively called the Thermal Infrared Sensor (TIRS), has the goal of 
measuring the upward and downward radiation fields and energy budget at the surface (Martínez et al., 2023; 
Pérez-Izquierdo et al., 2018; Sebastián et al., 2020, 2021).

The observations by the two upward-looking TIRS sensors enable the retrieval of total aerosol optical depth in the 
column of atmosphere above the rover. While this type of observation of aerosol optical depth has previously been 
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Environmental Dynamics Analyzer (MEDA) instrument suite on board the Perseverance rover enable the 
retrieval of total aerosol optical depth (dust plus water ice cloud) above the rover for all observations when 
TIRS is taken. Because TIRS observes at thermal infrared wavelengths, the retrievals are possible during both 
the day and night and thus, they provide an excellent way to monitor both the diurnal and seasonal variations of 
aerosols above Jezero Crater. A retrieval algorithm has been developed for this purpose and here, we describe 
that algorithm along with our results for the first 400 sols of the Perseverance mission covering nearly the entire 
aphelion season as well as a regional dust storm and the beginning of the perihelion season. We find systematic 
diurnal variations in aerosol optical depth that can be associated with dust and water ice clouds as well as a 
clear change from a cloud-filled aphelion season to a perihelion season where dust is the dominant aerosol. 
A comparison of retrieved optical depths between TIRS and the SkyCam camera that is also part of MEDA 
indicates evidence of possible diurnal variations in cloud height or particle size.

Plain Language Summary Observations made by the Thermal InfraRed Sensor (TIRS) instrument 
on the Perseverance rover enable the amount of airborne dust and clouds above the rover to be determined. The 
TIRS instrument observes thermal infrared radiation so it can observe the dust and clouds both during the day 
and night. Here, we present results for the first 13 months of observations by TIRS. These results show that the 
dust and clouds vary as a function of season on Mars and as a function of the time of day. At the beginning of 
the period of time studied here, there were more clouds than dust, and the clouds were maximum just before 
dawn and just after dusk. Later in the season, dust became the dominant aerosol, with the diurnal maximum 
near midday.
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performed many times from previous landers and rovers (e.g., Chen-Chen 
et al., 2019; Colburn et al., 1989; Lemmon et al., 2004, 2015; M. D. Smith 
et al., 2016; P. H. Smith & Lemmon, 1999) and can be performed using other 
instruments on the Perseverance rover, what makes the TIRS observations 
special is the fact that they are taken at thermal infrared wavelengths and can 
therefore provide retrievals of aerosols during the night as well as during the 
day. Indeed, the thermal-infrared spectra obtained by the Miniature Thermal 
Emission Spectrometer (Mini-TES) spectrometers on board the Mars Explo-
ration Rovers demonstrated this ability, but Mini-TES observations during 
the night were severely limited in number by power constraints (Mason & 
Smith, 2021; M. D. Smith et al., 2004, 2006).

In this paper, we present results of the retrieval of total aerosol optical depth 
from the upward-looking TIRS sensors taken during the first 13 months of 
Perseverance operations. In Section 2 we describe the TIRS data set and the 
algorithm we have developed to perform the retrieval. In Section 3, we pres-
ent a summary of the retrieval results, providing an overview of the seasonal 
and diurnal variations of aerosol optical depth observed so far. Section  4 
describes additional analysis of the results, including an attempt to separate 
the contributions of dust and water ice aerosol and a comparison of our TIRS 
retrievals against the concurrent observations of aerosol optical depth by the 
SkyCam. Finally, we provide a summary of our work in Section 5.

2. Data Set and Retrieval Algorithm
2.1. TIRS Instrument and Data

TIRS is a set of five radiometers designed to characterize the upward and downward thermal infrared radiation 
at the surface, the reflected shortwave solar radiation from the surface, the surface temperature, and atmospheric 
temperature near the surface (Sebastián et al., 2020, 2021). TIRS is one part of the MEDA suite of sensors on 
the Perseverance rover (J. A. Rodriguez-Manfredi et al., 2021). Of interest here are the sensors: TIRS IR1, which 
covers a broad portion of the thermal-infrared spectrum over the range 6–35 μm and TIRS IR2, which covers a 
portion of the CO2 band between 14.5 and 15.5 μm as shown in Figure 1. Both sensors view upward at an eleva-
tion angle centered 35° above the rover deck. The field of view of the TIRS IR1 and IR2 sensors is 20° in the 
vertical direction and 40° in the horizontal direction.

As part of the MEDA suite of atmospheric sensors, TIRS observations are typically taken systematically through-
out each sol at a frequency of 1 Hz. During the period of time considered here, observations in 1-hr blocks were 
generally taken so that odd-numbered hours were covered on odd-numbered sols, while even-numbered hours 
were covered on even-numbered sols. In that way, the entire 24-hr diurnal cycle could be fully covered over a span 
of two sols. Occasionally, additional one-hour blocks were added to this baseline providing additional coverage 
and observations were also routinely taken during the first 5 minutes of every hour. These observations were a 
part of the background baseline set for MEDA observations that ran almost every sol providing excellent diurnal 
and seasonal coverage.

Figure 1 shows the spectral response of the TIRS channels IR1 and IR2 along with the observed spectra from 
the Mini-TES (Christensen et  al.,  2003). In the Mini-TES spectra, the band of strong emission between 550 
and 750 cm −1 is caused by CO2 gas and was used to retrieve atmospheric temperatures in the lowest 2 km of 
the atmosphere (M. D. Smith et al., 2006). The broad emissions outside of that (350–550 and 750–1,300 cm −1) 
are caused by dust and water ice aerosol. The TIRS IR1 channel essentially includes the entire thermal-infrared 
spectral range, including contributions from both CO2 and aerosols, while the TIRS IR2 channel covers only the 
central portion of the CO2 gas band. The calibrated data files produced by TIRS (the “CAL” datafiles available 
from the Planetary Data System) give IR1 measurements in terms of an integrated flux (W m −2), while the IR2 
measurements are given in terms of an effective temperature, which can be integrated using its spectral response 
to produce a flux measurement if desired.

In general, the observed signals from TIRS IR1 and IR2 are sensitive to a combination of the atmospheric opacity 
(from aerosols and gases) and the atmospheric temperature profile. In practice, because of the very high opacity 

Figure 1. The spectral response of the Thermal InfraRed Sensor (TIRS) 
IR1 (blue) and IR2 (red) sensors compared with typical observed Miniature 
Thermal Emission Spectrometer (Mini-TES) spectra (black). The different 
Mini-TES spectra represent different atmospheric temperatures and different 
amounts of aerosol loading showing the sensitivity of TIRS IR1 and IR2 to 
those quantities.
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of CO2 in the middle of the 15-μm band compared to aerosols, the signal 
in that spectral range is only sensitive to atmospheric temperatures in the 
lowest few km of the atmosphere and is nearly insensitive to aerosols. For 
example, in Figure 1 within the spectral range dominated by CO2 between 
550 and 750 cm −1 (13.3–18.2 μm), the differences in radiance between the 
four Mini-TES spectra are caused by differences in atmospheric temperatures 
in the lowest 2 km of the atmosphere (e.g., M. D. Smith et al., 2006), with 
the lowest spectra showing a nighttime case with lower atmospheric temper-
atures. On the other hand, outside the CO2 band at longer wavelengths (350–
550) and at shorter wavelengths (750–1,300 cm −1), the radiance is sensitive 
to both atmospheric temperatures and aerosol optical depth.

Figure 2 shows the weighting function (e.g., Petty, 2006) for the TIRS IR2 
sensor at a nominal elevation angle of 35° above the horizon and typical 
atmospheric temperatures. The curve would shift upward or downward 
slightly for elevation angles higher or lower, respectively, than 35°. The peak 
of this weighting function lies at roughly 40 m and the observed IR2 temper-
ature is often referred to as being representative of temperatures at that level. 
However, in reality, the temperature observed by IR2 is representative of a 
broad layer of the atmosphere from just above the surface to several hundred 
meters above the surface.

2.2. Aerosol Optical Depth Retrieval Algorithm

We use a radiative transfer model to compute the expected TIRS IR1 and IR2 
signals for a given aerosol optical depth and temperature profile. We can then 
perform the retrieval by varying the atmospheric temperatures and aerosol 
optical depth until the computed IR1 and IR2 match the values observed by 
TIRS. The radiative transfer model is based on that used for the Mini-TES 
retrievals (M. D. Smith et al., 2004, 2006). Given the upward-viewing geom-
etry, including aerosol scattering is essential and is included in this model 
using a 2-stream approximation. The absorption by CO2 gas is treated using 
the correlated-k approximation (Lacis & Oinas, 1991). The elevation angle 
above the horizon for the TIRS field of view is important and is computed 
for each observation using the known pitch, roll, and yaw of the Persever-
ance rover. Surface temperature is taken directly from the TIRS IR5 sensor 
observations.

As a baseline in our model, we use the temperature profile returned from the Mars Climate Database (MCD) 
(Forget et al., 1999; Millour et al., 2018) for the given latitude, longitude, local time (LT), and Ls of each obser-
vation. We then modified this profile using the observed TIRS IR2 temperature. We use our radiative transfer 
model to compute the expected IR2 signal and we offset the MCD temperature profile in the lowest 1 km until the 
computed IR2 signal matches the observed signal. The top panel of Figure 3 shows the magnitude of this shift in 
atmospheric temperature. The offsets are typically no larger than a few K.

The temperature profile above an altitude of 10  km is estimated using concurrent observations taken by the 
EMIRS thermal-infrared spectrometer on board the Emirates Mars Mission (Edwards et al., 2021; M. D. Smith 
et al., 2022). This difference is shown in the bottom panel of Figure 3 and is also typically a few K outside of the 
period after Ls = 150°, when there was a large regional dust storm (Lemmon et al., 2022; M. D. Smith et al., 2022, 
see Section 3.3 below). The temperature profile from the MCD is then used to help link the two regions between 
where EMIRS and TIRS IR2 are sensitive.

Once the temperature profile has been estimated, we are left with a single observation (TIRS IR1) and a single 
unknown (total aerosol optical depth), which results in the straightforward task of varying aerosol optical depth 
in our radiative transfer model until the computed IR1 value matches the observed value. This one-parameter 
fit does not require any complicated minimization techniques and can be performed using standard root-finding 
algorithms.

Figure 2. The weighting function for the Thermal InfraRed Sensor IR2 sensor 
at the nominal elevation angle of 35° above the horizon. Although the peak 
of the weighting function peaks at an altitude of ∼40 m, there is a significant 
contribution from atmospheric layers from just above the surface to several 
hundred meters above the surface.
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Given that we have only one observation (TIRS IR1) for the retrieval of aerosol optical depth, the relative 
contributions from dust and water ice cloud cannot in general be uniquely separated using the TIRS data alone. 
Therefore, to perform the retrieval, we assume a seasonally dependent dust versus ice fraction based on the 
climatology derived from previous observations (e.g., M. D. Smith, 2004) and the concurrent retrievals from 
EMIRS (M. D. Smith et al., 2022). Specifically, for all local times, we assume a 1:2 ratio for dust versus ice 
during the first portion of the period (until Ls = 151°) and then a 4:1 ratio after that. In practice, although the 
absolute values of the total aerosol optical depth depend somewhat on this apportionment, the overall seasonal 
and diurnal patterns in the retrieved total aerosol optical depth are not very sensitive to this fraction for any 
reasonable values.

Aerosol physical properties were taken from the analysis of Mini-TES data by Wolff et al. (2006). An effective 
radius of 1.5 μm is assumed for dust and 2.0 μm for water ice cloud to be consistent with previous work. The 
vertical distribution of the dust is taken to follow a Conrath profile (Conrath, 1975) with the Conrath-ν parameter 

Figure 3. (Top panel) The temperature differences between observed Thermal InfraRed Sensor (TIRS) IR2 and the 
equivalent temperature (i.e., lowest 1 km above the surface) from the Mars Climate Database (MCD). (Bottom panel) The 
temperature difference between the EMIRS “T15” temperature (i.e., temperature at ∼25 km altitude) and that given by the 
MCD. These corrections are applied to the MCD temperature profile before performing the retrieval for aerosol optical depth 
using TIRS IR1.
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chosen so that the top of the dust is at 2 scale heights above the surface. Water ice clouds are placed at one scale 
height above the surface with a scale height of one half of the pressure scale height (i.e., about 5 km).

2.3. Uncertainties

The uncertainties in the observed TIRS IR1 flux as reported in the TIRS datafiles are roughly 5%–10% during 
the night and 15%–20% during the day. At the relatively low optical depths typically observed at Mars, this would 
correspond directly to uncertainties in the retrieved optical depth with the same percentages. A closer examina-
tion of the TIRS data shows that estimate to be conservative, and likely representative more of accuracy than 
precision. The reported uncertainty of TIRS IR2 is 1–2 K, which would translate to an uncertainty in the retrieved 
optical depth of ∼0.01–0.02.

Beyond the uncertainties related directly to the data themselves are systematic uncertainties related to the assump-
tions and approximations made in the retrieval algorithm and radiative transfer model. These include such things 
as use of the 2-stream approximation for aerosol scattering instead of a higher order approximation, the appor-
tionment of dust and water ice aerosol, the vertical distributions of the aerosol, the particle size of the aerosols, 
and the atmospheric temperatures. All of these can be evaluated through numerical experiments, and their effects 
range from negligible (e.g., use of the 2-stream approximation) to potentially large (e.g., vertical distribution of 
aerosols). However, if we discount unlikely scenarios (e.g., errors in the temperature profile of 20+ K, or all the 
dust being confined to the lowest 1 km), we find that these systematic uncertainties do not dominate the accuracy 
estimates mentioned above.

In summary, we estimate a total uncertainty in the aerosol optical depth values retrieved here to be at the upper 
end of the accuracy uncertainty, or 10% during the night and 20% during the day. The “noise” level in the retriev-
als represented by the retrieval-to-retrieval variance in consecutive retrievals is substantially less, implying that 
the precision of the retrievals is likely better than the uncertainty values quoted above. Larger systematic errors in 
retrieved values caused by inaccurate assumptions are possible but would tend to shift all retrieved values in the 
same direction, leaving the diurnal patterns described here mostly unchanged.

3. Aerosol Optical Depth Results
Figure 4 shows the retrieved aerosol optical depth for TIRS observations taken during the 13 months between sol 
15 (5 March 2021, MY 36, Ls = 13°) and sol 400 (4 April 2022, MY 36, Ls = 204°) as a function of season (Ls) 
and local true solar time (LTST). Retrievals are performed on 5-min blocks of data, which are the averages of 300 
individual TIRS observations. Shown here is the total aerosol extinction optical depth, which includes scattering. 
This optical depth is the sum of the contribution from dust, which is referenced to 1,075 cm −1 (9 μm), plus the 
contribution from water ice cloud, which is referenced to 825 cm −1 (12 μm).

The generally excellent coverage of MEDA observations is evident in Figure 4. The gaps that appear during 
the mid-morning and especially the mid-afternoon are periods of time when the Sun was within the TIRS 
field-of-view. Those data have been excluded since those results are often unreliable. Shorter gaps (generally 
overnight) are times when the TIRS instrument ran calibration sequences that precluded normal observations.

3.1. Overall Climatology

An overview of all the retrievals of aerosol optical depth from TIRS observations is presented in Figure 4. The 
retrievals began near the start of the aphelion season with relatively low aerosol optical depth. The optical depth 
gradually increased as the aphelion season progressed, and during this season there was a clear and consistent 
diurnal variation of aerosol optical depth with highest values between 05:00 and 09:00 and a minimum at around 
16:00. All local times quoted in this work are LTST. This diurnal variation is almost certainly caused by a varia-
tion in water ice clouds, which is superimposed on top of a baseline of dust optical depth. While there is a clear 
seasonal trend, there is also a significant variation from one sol to the next, which is most likely caused by water 
ice clouds as well.

The aerosol optical depth decreased after Ls = 120° only to increase again at Ls = 140° for a week or two (∼5°of 
Ls). After a brief clearing, there was a very significant increase in optical depth indicated by the red band in 
Figure 4 at Ls = 153°, which was an early-season regional dust storm (e.g., Lemmon et al., 2022; M. D. Smith 
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et al., 2022). After the dust storm cleared, there was a general and gradual increase in opacity heading into the 
perihelion season, where it is expected that dust would become the dominant aerosol over water ice clouds. These 
observations taken after the regional dust storm showed a higher overall baseline of aerosol optical depth (likely 
caused by dust) but with some water ice clouds still present. The LT variation was distinctly different than during 
the aphelion season with the diurnal maximum moving later toward the middle of the day.

3.2. Aphelion-Season Cloud Belt

The lower two-thirds of Figure 4 from approximately Ls = 30° until Ls = 150° is the season of the aphelion 
cloud belt, which has been observed numerous times before (e.g., Clancy et al., 2017; M. D. Smith, 2004 and 
references therein). The optical depth of the clouds grew steadily after Ls = 50° reaching its peak at roughly 
Ls = 100° before a more rapid decrease in clouds after Ls = 120°. Interestingly, at both the beginning and 

Figure 4. An overview of all the Thermal InfraRed Sensor retrieval results showing the diurnal (local true solar time) and 
seasonal (Ls) variation of total aerosol optical depth. Included during this period were the aphelion season cloud belt (Ls 
∼30°–150°), a regional dust storm (Ls = 153°–156°), and the transition to the perihelion season after Ls = 180°.
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ending of the aphelion cloud season there were local maxima in the cloud optical depth at both Ls = 40° and 
140°, symmetric about the northern winter solstice. The later peak at Ls = 140° was particularly strong with 
aerosol optical depth exceeding the maximum values of the main peak of cloud activity around Ls = 100°. 
Throughout the aphelion cloud season, the diurnal variation of aerosol optical depth was remarkably consist-
ent, with a primary maximum near 06:00, a secondary maximum near 22:00, and minimum daily optical depth 
near 16:00.

Figure 5 shows the retrieved total aerosol optical depth during the daily maximum between 05:00 and 07:00 
during the middle of the aphelion season. Each bar in the figure represents all the observations during this LT 
interval for one sol. The differences in optical depth from one sol to the next are often greater than the range of 
variation within a sol implying that there were significant sol-to-sol variations in the amount of clouds over the 
rover site. This sol-to-sol variability is most apparent in Figure 4 during the early morning hours when cloud 
opacity is greatest, but it is also present during the evening.

3.3. Regional Dust Storm

Figure 6 shows the complex time history of aerosol optical depth during the January 2022 regional dust storm 
event. Observations by other instruments on the Perseverance rover (Lemmon et al., 2022) and by other spacecraft 
(M. D. Smith et al., 2022) have conclusively identified this activity as a large early-season regional dust storm that 
initiated north and east of Hellas before rapidly overrunning the Perseverance site on sol 313 (5 January 2022, 
Ls = 153°). Over the next several sols, the TIRS retrievals show both a significant increase in the baseline aerosol 
(dust) optical depth as well as numerous discrete spikes in the optical depth. These spikes had optical depths 
exceeding 0.7 (at 9 μm) and lasted from one to several hours. They occurred preferentially during daytime hours, 
although equally in the morning and afternoon.

By sol 319 (11 January 2022, Ls = 156°), the active portion of the storm had significantly subsided at the Perse-
verance site leaving behind an increased aerosol loading with a different diurnal variation than existed before 
the dust storm (see also Figure 4). In particular, the maximum diurnal aerosol optical depth shifted several hours 
later, from 06:00 before the dust storm to near noon after the storm. Presumably, this shift reflects the change in 
the dominant aerosol from water ice cloud to dust as observed by other spacecraft (M. D. Smith et al., 2022, see 
also the discussion in Section 4.1).

4. Discussion
4.1. Dust Versus Water Ice Clouds

Although we cannot retrieve independent values for dust and water ice cloud aerosol optical depth from the 
TIRS observations alone, it is apparent from looking at Figure 4 that there are at least two distinct components 
that contribute to the total optical depth that is retrieved. We envisage that the total optical depth, τ(sol, LT), is a 
function of sol and LT, and can be expressed as the sum of two components:

𝜏𝜏(sol, LT) = S1(sol) D1(LT) + S2(sol) D2(LT) (1)

Figure 5. The retrieved aerosol optical depth between 05:00 and 07:00 local true solar time during the middle of the aphelion season. Each bar represents the range of 
aerosol optical depth between 05:00 and 07:00 for each sol of observations. There was a significant sol-to-sol variation in the observed optical depth.
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Here, the two “S” functions describe the amplitude of each component as a function of sol (or Ls), while the two 
“D” functions describe the amplitude of each component as a function of LT. We further assume that the diurnal 
variations, Di(LT), can be expressed in the form of a sum of harmonics:

Di(LT) = 1 + 𝛼𝛼1,i cos
[

𝜙𝜙 –𝜙𝜙1,i

]

+ 𝛼𝛼2,i cos
[

2(𝜙𝜙–𝜙𝜙2,i)
]

+ 𝛼𝛼3,i cos
[

3(𝜙𝜙–𝜙𝜙3,i)
]

+ . . . (2)

The parameter ϕ describes LT in terms of an angle (i.e., ϕ = 15 × LT, if expressed in degrees), and the constant 
“1” as the first term in the expansion ensures that the diurnally averaged value of Di(LT) is unity.

We implemented a least squares fitting of the above by expressing the sol dependence, S(sol), every 10 sols (5° 
of Ls) for a total of 39 free parameters for each of the two components, and by keeping the first three harmonics 
(after the constant) of the diurnal variation for six more free parameters per component. Given the large number 
of parameters (90) to fit, we attempted the least squares fitting using a number of different starting conditions, 
including all free parameters being zero. In the fitting, we excluded the period of the regional dust storm (sols 
311–319) since we did not expect the optical depth to follow the form of Equation 1 during an active dust storm. 
The solution was found to be robust, always arriving at essentially the same two components. Experiments with 
additional terms in the harmonic expansion of the diurnal variation (Equation 2) showed negligible improvement 
in the fit after the third harmonic.

The diurnal variation (D1 and D2) and seasonal variation (S1 and S2) of those two components are shown in 
Figure 7. The seasonal variation of the two components shows that until Ls = 150° component 2 had greater 
amplitude than component 1, while after that (i.e., after the regional dust storm) component 1 dominated over 
component 2. Based on climatology (e.g., M. D. Smith, 2004) and concurrent observations by orbiters (e.g., 
M. D. Smith et al., 2022), this seasonal dependence strongly suggests that component 1 is associated with dust 

Figure 6. Retrieved total aerosol optical depth from Thermal InfraRed Sensor as a function of time (sol) showing the regional dust storm of January 2022. Here, the sol 
numbers label midnight local true solar time. (Top panel) The 4-week period between late December 2021 and mid-January 2022, or Ls = 148°–161°. (Bottom panel) 
The same data focusing on the 5 sols (313–317) covering the most active period of the storm (5–9 January 2022, Ls = 153°–156°).
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aerosols while component 2 represents water ice clouds. Note that the spike in dust from the dust storm itself is 
not represented here since those data were excluded from this analysis.

The identification of the two components cannot be considered definitive, especially since this solution is not 
unique. Indeed, any linear combination of the two diurnal variation functions D1 and D2, along with correspond-
ingly modified S1 and S2, would result in exactly the same fit. However, the seasonal variations presented in 
the bottom panel of Figure 7 align well with the expected variations of dust and water ice cloud (M. D. Smith 
et al., 2022), and so this identification is useful. Figure 8 shows a comparison of the retrieved TIRS total aerosol 
optical depth and the best-fit optical depth obtained using Equation 1 with the 90 best-fit parameters. There are 
details that are missed by the fit (notably the dust storm which was not included in the fit), but overall, this param-
eterization describes both the diurnal and seasonal variations quite well.

Assuming the association of component 1 with dust and component 2 with water ice cloud, Figure 7 can be used 
to identify the average diurnal and seasonal trends of the two aerosols. In this interpretation, water ice clouds 

Figure 7. (Top panel) The diurnal variation (the D1 and D2 functions of Equations 1 and 2) of the two components that best 
fit the retrieved Thermal InfraRed Sensor (TIRS) aerosol optical depths. (Bottom panel) The variation with Ls, or sol (the S1 
and S2 functions in Equation 1), of the two components that best fit the observed TIRS aerosol optical depths. Component 1 
can be associated with dust aerosol, while component 2 can be associated with water ice cloud aerosol.
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over the Perseverance rover during the aphelion season have their maximal diurnal opacity just before dawn, their 
diurnal minimum value in the late afternoon, and a secondary maximum in the evening a couple of hours past 
sunset. The peak-to-peak diurnal variation is large, roughly a factor of five. On the other hand, dust exhibits a 
more modest variation with a broad maximum during midday and 30% lower values throughout the night. As a 
function of season (Ls), the optical depth of dust was roughly steady at a low baseline level before Ls = 150° while 
the optical depth of water ice was greater than that of dust rising to a peak around Ls = 100°. After the regional 
dust storm (Ls = 153°), dust remained elevated while the water ice clouds largely disappeared before beginning 
to come back somewhat after Ls = 190°.

The diurnal variations for dust (component 1) and water ice cloud (component 2) described above can be compared 
against observations from other spacecraft. For water ice cloud, a minimum optical depth in the middle of the day 
with higher amounts near dawn and dusk has been noted previously in retrievals from, for example, the THEMIS 
instrument on Mars Odyssey (M. D. Smith, 2019), the PFS instrument on Mars Express (Giuranna et al., 2021), 
and the EMIRS instrument on the Emirates Mars Mission (Atwood et al., 2022). Giuranna et al. (2021) also found 
dust optical depths to be higher during the day than at night, consistent with the diurnal variation observed for 
TIRS component 1. The MCD model results (Forget et al., 1999; Millour et al., 2018) show little diurnal variation 
for dust, but for water ice cloud, the diurnal variation is very similar in character to that of TIRS, with a midday 
minimum, diurnal maximum near dawn, and a secondary maximum in the late evening before midnight.

4.2. Comparison With MEDA SkyCam Aerosol Optical Depth

The SkyCam is a zenith-viewing wide-angle camera that is a part of the MEDA suite of instruments on Perse-
verance (J. A. Rodriguez-Manfredi et al., 2021). It is based on the HazCams from the Mars Exploration Rovers 
and Mars Science Laboratory (J. Maki et al., 2012; J. N. Maki et al., 2003), and contains a neutral density filter 

Figure 8. Comparison of (left panel) the total aerosol optical depth retrieved from Thermal InfraRed Sensor (TIRS) with (right panel) a reconstruction of the best-fit 
aerosol optical depth using the two-component fit. The two-component fit does not attempt to fit the regional dust storm at Ls = 153°, but otherwise represents quite 
well the other main seasonal and diurnal variations observed by TIRS.

 21699100, 2023, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007560 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [03/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Planets

SMITH ET AL.

10.1029/2022JE007560

11 of 15

in the form of an annulus that enables the direct observation of total aerosol optical depth at an effective wave-
length of 694 nm when the Sun passes behind the filter, nominally twice per sol during the mid-morning and 
mid-afternoon.

SkyCam images are routinely taken each sol as part of the normal observation sequences of MEDA, and so the 
TIRS and SkyCam retrievals of total aerosol optical depth can be directly compared. Figure 9 shows this compar-
ison separately for the morning (∼08:00–09:00) and afternoon (∼14:00–15:30) SkyCam observations. The TIRS 
retrievals have been multiplied by a constant factor of 1.61 (determined as the single overall best-fit ratio between 
the SkyCam and TIRS optical depths) to account for the differences between the aerosol optical depth reported at 
visible wavelengths by SkyCam and at thermal infrared wavelengths by TIRS.

The agreement between the two instruments is quite good for the morning observations shown in the top panel 
of Figure 9. Both instruments observed the aphelion cloud belt, with the early and late season peaks at Ls = 40° 

Figure 9. A comparison of the total aerosol optical depth retrieved from Thermal InfraRed Sensor (TIRS) (red points) 
compared to those from SkyCam (black points). The TIRS optical depths have all been multiplied by a constant factor of 
1.61 to account for the wavelength difference between the two instruments. (Top panel) Comparison of morning SkyCam 
observations (typically 8:00–09:00 local true solar time [LTST]). (Bottom panel) Comparison of afternoon SkyCam 
observations (typically 14:00–15:30 LTST).
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and 140°, as well as the regional dust storm at Ls  =  153° and the elevated (dust) aerosol opacity after that. 
However, the agreement was not nearly as good for the afternoon observations. In particular, during the period 
before Ls = 140° dominated by water ice clouds, the TIRS retrieved total aerosol optical depth is systematically 
lower than that from SkyCam, even after multiplying by 1.61 to account for the nominal difference caused by the 
wavelength difference between the two instruments. It is notable that the afternoon observations do show good 
agreement once dust becomes the dominant aerosol after Ls = 150°.

The difference in observed afternoon aerosol optical depth between TIRS and SkyCam appears to be caused 
primarily by something related to water ice clouds. In both the SkyCam and the TIRS retrievals, the morning 
aerosol optical depths are greater than those in the afternoon. However, while for SkyCam the difference is about 
20%–30%, for TIRS the difference is roughly a factor of 2. To investigate this difference, it is useful to further 
explore some of the key assumptions used in the TIRS retrieval. The two most important assumptions that likely 
bear on this problem are the vertical distribution of the water ice cloud and the particle size distribution of the 
water ice aerosols.

The top panel of Figure 10 shows the result of a numerical experiment where the TIRS retrieval has been run for 
sols 149 and 150 (Ls = 75°) with the water ice clouds being placed at different heights, either right at the surface, 
at one scale height above the surface (the nominal case), or at two scale heights above the surface. As the cloud 
moves higher in the atmosphere, it is at cooler temperatures and thus more optical depth is required to produce the 
observed signal given by TIRS IR1. The bottom panel of Figure 10 shows the ratio between the optical depth at 
the wavelength of SkyCam (694 nm) and the optical depth at the wavelength of TIRS (12 μm) using Mie Theory. 
Because the TIRS optical depth (for water ice aerosol) is always referenced to 825 cm −1 (or 12 μm), it doesn't 
change with a change in the assumed particle size of the water ice aerosol, but its relation to the corresponding 
SkyCam optical depth does change.

Until this point we have made the assumption that the vertical distribution of the aerosols and the effective 
particle size of the aerosols are constant and do not change as a function of season or LT. However, the results 
of the numerical experiments shown in Figure 10 demonstrate that a cloud height or water ice particle size that 
changes from morning to afternoon could potentially explain the difference in the afternoon retrievals of optical 
depth between SkyCam and TIRS. In particular, a cloud height that increased from morning to afternoon and an 
effective water ice particle size that decreased from morning to afternoon would both be in the correct sense to 
bring the SkyCam and TIRS retrievals into agreement.

Numerous previous studies have demonstrated that the effective radii of dust and water ice aerosols do change with 
season (e.g., Clancy et al., 2003; Guzewich & Smith, 2019; Vicente-Retortillo et al., 2017; Wolff et al., 2006), and 
thus it seems possible (at least for water ice) that the effective radius of the particles could change diurnally as 
well. Likewise, given that the vertical location of clouds in the atmosphere is controlled by condensation dynam-
ics and the temperature structure, it would not be surprising if the base of the cloud layer moved upward during 
the day as the planetary boundary layer expands and temperatures warm in the lowest portion of the atmosphere. 
Indeed, MCD model results (Forget et al., 1999; Millour et al., 2018) show the base of the cloud layer moving 
upward between dawn and mid-afternoon. Other possible explanations that could explain the afternoon difference 
between SkyCam and TIRS, including a systematic error in the diurnal variation of our assumed temperature 
profile (which would need to be ∼10–20 K) and calibration errors in the TIRS data with a systematic diurnal 
pattern, would need to be present only during the aphelion season and seem less likely. We therefore consider the 
mismatch between SkyCam and TIRS aerosol optical depth to be evidence of diurnal variations in either cloud 
height or cloud particle size or both.

5. Conclusions and Summary
With more than an Earth year of observations from the MEDA instrument suite on-board the Perseverance rover, 
the two upward-looking TIRS sensors have provided a unique data set in its ability to provide systematic retriev-
als of total aerosol optical depth as a function of LT and season, including both during the day and the night. The 
retrieved values reveal clear seasonal and diurnal variations in aerosol optical depth.

During the aphelion season, we find the water ice clouds are the largest source of aerosol optical depth. For these 
water ice clouds, the two dominant patterns involve the seasonal growth and decay of the aphelion clouds and 
a consistent diurnal pattern. The cloud optical depth gradually increased from the beginning of Perseverance 
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observations (Ls  =  13°) until reaching a maximum around Ls  =  100°, which was followed by a more rapid 
decrease. Brief increases in cloud optical depth were observed both early (Ls = 40°) and late (Ls = 140°) in the 
season. The diurnal variation of clouds consistently showed a diurnal maximum at 06:00, a diurnal minimum 
at 16:00, and a secondary maximum at 22:00. The maximum cloud optical depth was approximately 0.3 (refer-
enced to 825 cm −1 or 12 μm) at 06:00 LT at Ls = 100°. Significant sol-to-sol variations were observed in cloud 
opacity with the greatest variations occurring at night, highlighting the value of the TIRS retrievals, which can 
be performed for all local times.

A large regional dust storm was observed by Perseverance during early January 2022 (Ls = 153°). The most active 
period of this storm lasted 6 sols, and the TIRS retrievals show numerous spikes of dust lasting hours and reach 
optical depths of 0.7 or greater. This demonstrates the utility of the ability of TIRS to retrieve optical depth values 
continuously whenever MEDA takes observations for better understanding the complex evolution of aerosol 

Figure 10. (Top panel) The retrieved total aerosol optical depth from Thermal InfraRed Sensor (TIRS) observations taken 
during sols 149 and 150 (Ls = 75°), typical of those taken during the aphelion season. Three different cases are shown with 
the base of the water ice cloud being placed at the surface (red), at one scale height above the surface (black, the nominal 
assumption), and at two scale heights above the surface (blue). (Bottom panel) The ratio of optical depth between SkyCam 
and TIRS wavelengths for water ice aerosols as a function of the effective radius of the particles.
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optical depth during the active portion of a dust storm. After the regional dust storm, the TIRS retrievals showed 
that dust dominated the total aerosol optical depth, and that the diurnal variation was different with maximal 
diurnal values closer to noon.

Comparison of the TIRS retrievals of aerosol optical depth with simultaneous observations by the SkyCam 
instrument, which is also part of the MEDA instrument suite, shows a discrepancy between morning and after-
noon observations that is indicative of possible diurnal variations in either the height of water ice clouds or the 
effective radius of the water ice particles, or both.

Systematic TIRS observations continue as part of the baseline set of MEDA observations on the Perseverance 
rover. These observations will extend the existing record through the remainder of the perihelion season, prom-
ising exciting new information about the diurnal and seasonal variation of aerosols throughout an entire Martian 
year.

Data Availability Statement
All data used in this study from the Perseverance rover are available from the Planetary Data System (PDS). In 
particular, the MEDA data are available at: J. Rodriguez-Manfredi and de la Torre Juarez (2021). The retrieval 
results for total aerosol optical depth from TIRS are available in an archive located at: M. D. Smith (2022).
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